Abstract: Three indirect light measurement methods were compared in mixed deciduous and coniferous forests with heterogeneous stand structure: tRAYci -a spatially explicit light model calculating percentage of above canopy light (PACL); LAI-2000 Plant Canopy Analyzer measuring diffuse non-interceptance (DIFN); and spherical densiometer estimating canopy openness (CO). Correlations between the different light variables were analyzed at several spatial scales (at 5 × 5, 10 × 10, 15 × 15, 20 × 20 and 30 × 30 m ). Relationships between light variables and the cover of a light flexible plant, blackberry (Rubus fruticosus agg.), as a potentially sensitive response variable for light conditions were also investigated. LAI-2000 (DIFN) and tRAYci (PACL) seemed the most appropriate for the description of the light environment in the investigated stands. DIFN and PACL had stronger correlations with each other and with blackberry cover than CO. Spatial heterogeneity of light (expressed with coefficient of variation) showed much stronger correlations than mean values both between the methods and between light intensity and Rubus cover. The correlation values between the methods increased towards coarser scales (from 5 × 5 to 30 × 30 m ), while the correlation between light intensity and blackberry cover had a maximal response at the scale of 20 ×20 m if a lower resolution of light estimation was used, and had also a maximum at smaller scales if the light was calculated for more points per plot by tRAYci. LAI-2000 can be recommended for the comparison of different stands, however, for fine scale description of light conditions of a stand tRAYci seems to be more appropriate.
Introduction
In temperate deciduous forests, light is one of the most important factors in the establishment and growth of seedlings and regeneration Marks 1985, Ke and Werger 1999) . It also determines the cover and composition of herbaceous species, which differ substantially in their functional responses to light conditions (e.g., sun-tolerant, light-flexible, shade-tolerant herbs, Collins et al. 1985) . The amount and the distribution of understory light are determined both by the geographical location and the structural characteristics of the forest (density, compositional and structural diversity of trees, number of crown layers, presence of understory saplings, etc., Anderson 1966 , Martens et al. 2000 , Comeau and Heineman 2003 , Valladares and Guzman 2006 . The extent and spatial scale of light heterogeneity mainly depends on the natural disturbance regime (e.g., fine-scale gap dynamics or large-scale windstorms) and the management of the forest (West et al. 1981) . In managed forests, in order to maintain floristic diversity and ensure the suitable regeneration of understory trees it is necessary to provide information for the silvicultural management on preferable light conditions and stand structure (Comeau 2000) .
In recent decades, several light-measurement and estimating methods have been developed (Welles 1990 , Comeau 2000 . Many spatial and temporal replications of instantaneous direct measurements could supply the most accurate results (Messier and Puttonen 1995 , Parent and Messier 1996 , Messier and Parent 1997 . However, the sample size is limited when using these time-consuming methods. Therefore short-term datasets may not reflect the long-term pattern of incident light because of the spatial and temporal variations of light environment (Stadt et al. 1997 , Gendron et al. 1998 , Brown et al. 2000 , Englund et al. 2000 , Hale and Edwards 2002 . Using indirect methods, one light assessment in time can estimate the relative light conditions for the whole vegetation period. These methods, as LAI-2000 Plant Canopy Analyzer, canopy models (Cescatti 1997a , Brunner 1998 , Comeau et al. 1998a , Stadt and Lieffers 2000 , Silbernagel and Moeur 2001 , Coates et al. 2003 and hemispherical photography estimate the relative light conditions by measuring the shading effect of canopy and topography. Canopy openness can be estimated by spherical densiometer.
LAI-2000 Plant Canopy Analyzer measures instantaneous radiation (wavelength < 490 nm) (LI-COR Inc. 1990 ). Its sensor contains hemispherical optics and five detectors which measure simultaneously incident light in different zenith angles (from 0 o to 74 o zenith angle), in five concentric annuli. With two devices, simultaneous above-and belowcanopy measures can be carried out. The instrument calculates the diffuse non-interceptance (DIFN) comparing above-and under-canopy light intensity, which is conceptually similar to the instantaneously measured diffuse incident light on overcast days (Gendron et al. 1998) . With included software it is possible to compute leaf area index from DIFN values (Welles and Norman 1991) .
Spherical densiometer is a very simple and inexpensive manual device in forestry practice to estimate the cover percentage of canopy openness (CO) in forest stands (Lemmon 1956 (Lemmon , 1957 . It consists of a convex mirror with a grid of 24 squares engraved on the surface. The observer estimates canopy cover at four equally spaced points in each square holding the device horizontally, in four directions. However, its field of view extends only from 0 o to 50 o zenith angle, canopy openness estimations reasonably give positive correlation with incident light (R 2 >0.8, Englund et al. 2000) .
In recent decades, spatially explicit forest stand models using a crown representation of individual trees have made it possible to model light environment in a forest stand (Cescatti 1997a ,b, Brunner 1998 , Comeau et al. 1998a , Martens et al. 2000 , Mizunaga 2000 , Stadt and Lieffers 2000 , Silbernagel and Moeur 2001 , Coates et al. 2003 . They can be used for describing the pattern of canopy gaps that influence the understory vegetation (Silbernagel and Moeur 2001) , modeling regeneration and forecasting the population dynamics of trees Lieffers 2000, Coates et al, 2003) , investigating the effect of forest management (e.g., thinning) to light conditions (Mizunaga 2000) , and also for modeling the light capture of individual trees (MacFarlane et al. 2003) . Their reliability is relatively good, compared to growing season irradiation (Gendron et al. 1998) , to hemispherical photographs (Gersonde et al. 2004) and to LAI-2000 (Pinno et al. 2001 ), but sometimes they can under-or overestimate light which indicates that they need further refinement (Comeau et al. 1998b) . The model tRAYci calculates the percentage of the above canopy light (PACL) for any point of the modeled stand separating the total irradiation to direct and diffuse components (Brunner 1998) .
Another widely used method for estimating relative irradiance is hemispherical photography (Anderson 1964 , Gendron et al. 1998 , Brown et al. 2000 , Frazer et al. 2001 , Hale and Edwards 2002 . However, according to some studies, it does not offer a reliable estimate in heavily shaded sites; it is usually used in more open stands or in gaps (Chazdon and Field 1987 , Roxburgh and Kelly 1995 , Hale 2003 . We also found in our preliminary studies that it did not correlate with any other techniques in relatively closed forests.
There is an increasing number of comparative studies of light-measurement and estimation methods under various light conditions (Gendron et al. 1998 , Machado and Reich 1999 , Englund et al. 2000 , Engelbrecht and Herz 2001 , Ferment et al. 2001 , Frazer et al. 2001 , Bellow and Nair 2003 , Hale 2003 , Rhoads et al. 2004 , Mihók et al. 2007 ), but since the detected relationships are only valid for the studied forest type, the instruments must be tested in various types of stands. Further investigations are also necessary for the light models, because the number of their applications in different forest types is very low compared to the number of different models (Comeau et al. 1998b , Gendron et al. 1998 , MacFarlane et al. 2003 , Gersonde et al. 2004 , Pinno et al. 2001 .
A widely used procedure to evaluate different indirect techniques is to compare the light values estimated to those measured by a direct light meter (Gendron et al. 1998 , Machado and Reich 1999 , Engelbrecht and Herz 2001 ). If it is not possible, the light estimates from the investigated indirect methods can be compared to one another (Englund et al. 2000 , Ferment et al. 2001 ). Because many species are known as light flexible plant, a third solution could be to use the cover of such species, as a potentially sensitive response variable for light conditions.
In addition to the amount of light, its spatial heterogeneity can also be an important component of understory light environment, because many species, which live in smaller or larger gaps, may be related to forests with heterogeneous light conditions (Valladares and Guzman 2006) . Gaps can be created by one or more trees, but smaller light areas can be established by the irregular crown shape of individual trees, the occurrence of tree species having a sparser crown, or the lack of second overstory or shrub layer. These small light patches are particularly important in closed stands, where the amount of light is usually relatively low. Most of the forest herbs are clonal (Klimes et al. 1997 ), so they can easily extend their cover, if they find a more open patch in the understory. The applicability of these methods for light heterogeneity estimation is rarely studied. It is also little explored whether light flexible plants are related to the mean or the spatial heterogeneity of light measurements.
Although, there are some studies that applied the methods at different temporal scales (Machado and Reich 1999, Engelbrecht and Herz 2001) , few papers dealt with light measurements at different spatial scales (Engelbrecht and Herz 2001, Jelaska et al. 2006) . However, spatial scale can be important because species of different microhabitats (shady areas, gaps, larger open fields) can be related to light at different spatial scales (Tinya et al. 2009 ). The scale of their response to light can be dependent also on the size of the polycormons created by a species.
The questions of the present study are the following:
• Which one is the most useful indirect technique among LAI-2000, tRAYci model, and spherical densiometer to compare the understory light conditions of different forest stands? In case of tRAYci, are there any differences in the usefulness of the model if the height of the sampled points or the spatial resolution of sampling is changed?
• The amount or the spatial heterogeneity is more sensitive descriptor of light conditions in the course of comparisons of the different methods?
• How do the used different spatial steps influence the studied relationships?
To answer these questions, correlations were calculated i) between light variables (mean and coefficient of variation) estimated by the three methods, and ii) between light variables estimated by the different methods and the cover of a light flexible plant, blackberry (Rubus fruticosus agg.). All these calculations were carried out at five different spatial steps.
Methods

Study area
The study area was located in the Õrség National Park, western Hungary (N 46°51'-55' and W 16°07'-23'). The elevation is between 250-350 m above sea level and the topography consists of hills and wide valleys. Mean annual precipitation is ca. 800 mm, mean yearly temperature is 8.9-9.2°C
, and the western part of the region has a cooler and more humid climate than eastern parts (Marosi and Somogyi 1990). The bedrock is alluviated gravel mixed with loess. The soil is acidic and nutrient poor, the most common soil type on hills is pseudogleyic brown forest soil, while in the valleys mire and meadow soils can be found.
The characteristic vegetation types of the region are deciduous-coniferous mixed forests, dominated by beech (Fagus sylvatica), sessile and pedunculate oak (Quercus petraea et Q. robur), hornbeam (Carpinus betulus), Scots pine (Pinus sylvestris) and Norway spruce (Picea abies), and the proportion of different mixing species (Betula pendula, Populus tremula, Castanea sativa, Prunus avium, etc.) is also high (Tímár et al. 2002) . Forest management is heterogeneous, both spontaneous stem selection system resulting in uneven aged stands and shelterwood management system with a rotation period of 70-110 years do occur (Matthews 1991) . The herbaceous vegetation is formed by mesophilic and acidophilic species, the shrub layer mainly consists of beech, hornbeam and the saplings of mixing species. The cover of herbs and tree regeneration are very variable among stands.
Data collection
23 stands representing different tree species composition and stand structure were selected (Table 1) . Further criteria of site selection were as follows: dominant trees older than 70 years, more or less flat slope and absence of water influence. In each stand, a block of 40 × 40 m 2 (0.16 ha) was selected for stand structural measurements. In the center of the blocks, a quadrat 30 × 30 m 2 in size was defined, where the light characteristics and the cover of herbs were measured in 36 contiguous 5 × 5 m 2 plots. Light conditions were characterized using three indirect methods: diffuse PACL was calculated by tRAYci, a spatially explicit light model (Brunner 2004) , DIFN was measured by LAI-2000 Plant Canopy Analyzer (LI-COR Inc. 1990 ) and CO was estimated by spherical densiometer (Lemmon 1956 ).
For the tRAYci model, spatially explicit position of the trees which were larger than 5 cm in diameter at breast height (DBH) were mapped in the blocks in 2005 and 2006. Tree species, DBH, height, height of crown base, and crown radii to 4 directions were also recorded for each tree. To avoid high bias in the crown model, by measuring height of trees and height of crown base the upper and lower border of the coherent part of the crown was considered, and overhanging or separated branches were neglected. The directions of the crown radii measurements were determined as follows: the first was the direction of the longest radius, and then other three directions were always perpendicular to the previous one. Crown radius was defined as distance of the margin of crown from the trunk. The border of the canopy was estimated visually (without using crown mirror). According to our preliminary study, visual estimation gave statistically similar results to estimation using crown mirror. For each individual tree, crown shape type was visually defined according to Brunner (2004) . During the analysis, one shape type was used for a tree species in a stand. The thickness of the vertical shell layer was set 20% for the upper crown part and 0% for the lower part for all species. The leaf area density (LAD) of each species was determined based on published data and field experience (Table 2 ., Brunner et al. 2004 , Gersonde et al. 2004 , Lalic and Mihailovic 2004 . Homogeneous patches of shrubs and saplings (woody plants smaller than 5 cm DBH, but higher than 0.5 m) were mapped. The position of saplings in the model was randomly distributed within the patches. In each patch, species, abundance and a common value of size parameters (tree height, canopy height and width, etc.) of saplings were recorded, so these size parameters were the same for each sapling within one patch. As the crown of the saplings is sparser than that of larger trees (based on field experience), the LAD parameters were lower in the case of saplings than in the case of canopy trees ( Table  2 ). The direction and the slope of the maximum tilt were measured at every block. To avoid edge effects in light calculations, the real, mapped block was multiplied in the model to all spatial directions around the real block, to simulate the surrounding parts of the stand. Diffuse PACL was calculated in three different designs: i) in the center of the plots at a height of 1.3 m (comparable to the other two methods); ii) in the center of the plots at a height of 0.5 m (directly over the herb layer); iii) in a finer resolution: at a height of 0.5 m for 5 points per plot: the center and four points midway between the center and the corners of the plot (i.e., the mean of 5 calculations was used during the analyses). Diffuse PACL values were calculated for the period from 1 st April to 31 st October.
LAI-2000 measurements were conducted between June and August 2006. Three instantaneous measurements were taken in the center of each plot at 1.3 m height. The measurements were carried out under different sky conditions (from the standard overcast to the sunny weather), but always at dusk to avoid direct light getting into the sensor. A 270 o view restrictor was also applied to mask the portion of the sky that contains the sun and the operator (LI-COR Inc. 1990 Inc. 1991 Inc. , 1992 .
CO was estimated by spherical densiometer in the center of the plots at 1.3 m height (similarly as LAI-2000) in the vegetation period of 2006. In each point, four measurements were carried out to cardinal directions. The instrument was used by six operators, but during a pilot survey they calibrated their estimates to each other.
As a biological reference to different light estimating methods, a typical light flexible plant of the understory was chosen: blackberry (Rubus fruticosus agg., Fotelli et al. 2005 , Mountford et al. 2006 ). This species is present in nearly all of the investigated stands (Table 1) and it is a dominant plant of the herbaceous assemblage. The cover of Rubus was visually estimated in each plot during the period from June to August 2006. It was evaluated originally in dm 2 in the field and transformed to percentage of the ground area for the analysis.
Data analysis
The relations between light variables of different methods (PACL, DIFN, CO) were analyzed by correlation analysis at various spatial scales. The relations between blackberry cover and light estimated by different methods were investigated similarly by correlation analysis. The used spatial steps were 5 × 5, 10 × 10, 15 × 15, 20 × 20 and 30 × 30 m 2 . In each spatial step, stands were represented by one sampling unit and the sample size was the same (n = 23), only the size of the sampling units was changed by merging the adjacent plots. Hereby, the spatial autocorrelations between sampling units of the same blocks and the effect of sample size for the correlations were avoided. Except the finest spatial step, not only the amount of available light (mean values of merged records), but also the heterogeneity of light within sampling units was used during the analyses. Heterogeneity was expressed as the merged record's coefficient of variation (Zar 1999) . The mean values and the variation coefficients of the studied light variables were compared by ANOVA.
As the investigated variables were significantly biased from normal distribution (based on Kolmogorov-Smirnov test with Lillefors correction) on several occasions during the correlation analyses, non-parametric Spearman rank-correlation was calculated in all cases (Zar 1999) . The original cover data of blackberry were logarithmically transformed. The analyses were carried out by SPSS 14.0 for Windows program package (SPSS Inc. 2005) .
Results
Descriptive statistics
At 30 × 30 m 2 spatial scale, the means of DIFN and CO values were 2.75% and 10.91%, respectively ( 
Correlations between methods
Rate and significance of correlations between means of DIFN, PACL and CO variables varied depending on the methods and the spatial scale (Table 3) Light heterogeneity (expressed by the coefficient of variation within blocks) showed much stronger positive correlations between the methods than mean values (Table 3) 
Relationship between variables of light and blackberry cover
There was no significant correlation between blackberry cover and the mean of any of the light variables (PACL, DIFN and CO), while using the coefficient of variation of the light values, significant correlations could be observed at all methods (Table 4 ). The strongest correlations of blackberry cover were observed with the PACL values calculating 5 data per plot. There was no considerable difference between the correlation coefficients calculating PACL values at 1.3 m or 0.5 m, but 5 points per plot gave higher correlation coefficients than only one point. Correlation values of CO were lower than those of PACL and DIFN.
The cover of blackberry increased until 15 × 15 m 2 , where it reached its maximum, and at coarser scales, it did not change considerably (Fig. 1) . The variation coefficients of light variables showed a monotonous increase from finer to coarser scales at all methods. Considering only one sampling point per plot (DIFN, CO, PACL at 1.3 and 0.5 m height) in case of correlations between Rubus and the variation coefficient of light, the coefficients linearly increased with spatial steps until 20 × 20 m 2 , and showed a maximum value around this scale. If we calculated light variables with tRAYci for five points per plot, the coefficient of correlation increased at finer scales (5 × 5 and 10 × 10 m 2 ).
Discussion
Comparison of techniques
According to other studies based on direct light measurements, the relative light intensity under closed canopy was below 6% both in deciduous (dominated by Fagus, Populus and Acer species) and coniferous (dominated by Picea species) forests (Constabel and Lieffers 1996 , Emborg 1998 . In Hungarian beech forests, PACL values calculated from hemispherical photographs were below 10% under closed canopy, and could reach 10-36% in gaps, depending on the size of the gap (Mihók and Standovár 2005 , Gálhidy et al. 2006 , Mihók et al. 2007 .
In this study, the mean values of PACL were found considerably higher (above 14%) than the DIFN (2.75%). The light values calculated by the model depend considerably on model parameterization. In the case of the tRAYci model, the PACL values depend considerably on LAD parameters. There are very few reported data for the value of the parameters (Brunner 1998 , MacFarlene et al. 2003 , Gersonde et al. 2004 , Lalic and Mihailovic 2004 , and a published LAD parameter of a given species is not necessarily valid under all conditions. It would be possible to calibrate the LAD parameter of the species after measured leaf area index values (Brunner 1998 (Brunner , 2004 ), but it is labor-intensive, and requires monospecific stands of all species, which is not achievable e.g., in cases of mixing species. Thus, the parameterization of tRAYci is complicated and this may cause light values higher than LAI-2000.
The means of estimated canopy openness values by spherical densiometer were also found to be higher (10.91%) than the DIFN mean values. CO may differ significantly from relative light intensity values, because the estimate is a structural variable of the canopy and does not indicate light directly. During a gap study of Hungarian beech forests, CO values were also considerably higher than PACL values (calculated by tRAYci and from hemispherical photographs) both in gaps and under closed canopy conditions (Mihók et al. 2007 ).
Because of the overestimation of PACL and CO, DIFN is more appropriate for the absolute description of relative light intensity (similarly to direct methods), while CO and PACL can be used mainly for comparative studies (Comeau et al. 1998b , Gendron et al. 1998 .
From the three methods, LAI-2000 and the tRAYci model proved to be more useful than spherical densiometer for investigating the relationship between the heterogeneity of light and understory vegetation in different forests. They gave relatively high correlation coefficients with each other and with the cover of blackberry at almost every scale, thus making studies of different spatial scales comparable.
The coefficient of variation of LAI-2000 was higher than that of the other two methods, showing that this technique is more appropriate for detecting relative differences in light conditions. LAI-2000, as one of the best methods, is in agreement with other studies, often comparing different indirect methods to long-term absolute data collection (Comeau et al. 1998b , Gendron et al. 1998 , Machado and Reich 1999 , Engelbrecht and Herz 2001 , Ferment et al. 2001 one, but it requires repeated recordings in sample points increasing the time and cost of data collection (Gendron et al. 1998) . Based on the high correlations of DIFN values with blackberry cover and with other methods, one record with a 270 o view restrictor in each point is sufficient. An important advantage of the LAI-2000 device is that measurements can be taken even in deeply shaded stands, where e.g., the use of hemispherical photographs was not appropriate (Chazdon and Field 1987 , Roxburgh and Kelly 1995 , Machado and Reich 1999 . However, according to other studies LAI-2000 does not give reliable estimates under more open conditions, e.g., in gaps. In these cases, other methods such as light models, densiometer or fisheye photographs seem to be more favourable (Mihók et al. 2007 ).
TRAYci was not sensitive to the vertical placement of the points: neither the calculated PACL values, nor their correlations with blackberry cover differed significantly between measurements of 1.3 and 0.5 m height. Ferment et al. (2001) found that light measurements were more sensitive for vertical, than horizontal displacement in cases of spherical densiometer and hemispherical photographs. In our case, the weaker vertical sensitivity can be explained by the fact that canopy volume between 0.5 and 1.3 m height is negligible compared to canopy volume above 1.3 m. However, the increase of record number horizontally (from one to five per plot) resulted in considerably stronger correlations with blackberry cover, it was also modestly stronger than in the case of LAI-2000, at almost all spatial steps. These data show that tRAYci can give similar or better results than LAI-2000, but finding the best settings of tRAYci is not straightforward. We could also construct relatively good models even if we used some simplifications: we did not make any measurements to estimate LAD of the species composing the vegetation and to quantify the thickness of the crown shell. Furthermore, during the crown radii measurements, the margin of the crown was estimated visually, and it was not measured by vertical mirror. Gersonde et al. (2004) , also found that in the case of tRAYci, simplifications of crown representation showed little decline in model performance. As opposed to LAI-2000 and densiometer, an advantage of tRAYci is that calculating data in a finer resolution does not need additional field measurements. As opposed to the other two methods, tRAYci makes it also possible to calculate direct light, which also has an importance for the understory vegetation (Collins et al. 1985) .
In all cases, the densiometer gave the weakest correlation coefficients with the cover of blackberry, but it showed significant correlations as well. The coefficient of variation of CO values was the lowest, i.e., it is not able to sense the fine differences among points. This technique is based on estimation, so its results are not as reliable as the others' (Comeau et al. 1998b , Engelbrecht and Herz 2001 , Ferment et al. 2001 . However, it is a very simple, fast and inexpensive method, so it is favourable if many sampling sites have to be measured (Comeau et al. 1998b , Englund et al. 2000 . Data obtained by the densiometer could be more comparable if only one operator makes all the estimations (Comeau et al. 1998b ).
We used the three methods to describe the light conditions in many different forest types. In this case, time-consuming techniques could not be applied. Our results show that all three methods can be used with considerable simplifications of conditions to abridge fieldwork. Further practical aspects (cost, time requirement, etc.) in connection with the methods are discussed in many studies (Comeau et al. 1998b , Gendron et al. 1998 , Engelbrecht and Herz 2001 , Mihók et al. 2007 ).
We have to mention that reliability of each technique is largely dependent on the characteristics of the studied stands (light environments, heterogeneity, etc., Gendron et al. 1998 ). All of our sampling sites were in temperate mixed forests, but within this category we chose stands with various stand composition and structure. However, further comparisons are needed in other types of forests.
Effect of mean and heterogeneity of light
Heterogeneity of light (expressed by variation coefficient) showed much stronger correlations both between methods and a given method and blackberry cover than mean values. Among the studied forests, heterogeneity of light conditions differed more than the amount of light on the forest floor (which was relatively low in all cases). All of the stands had relatively closed canopy, but there were considerable structural differences among them. These differences were expressed more in the coefficients of variation of light values causing stronger correlation values than mean.
In addition blackberry is a light flexible clonal plant with fast growing above-ground stems (Klimes et al. 1997) . It can reach a relatively high cover at low stand level light intensity if there are at least some small brighter patches (Collins et al. 1985 , Whigham 2004 , Fotelli et al. 2005 , Mountford et al. 2006 ). The studied stands had relatively closed upper canopy, therefore the effect of gaps in the heterogeneity of light is less important than the species composition of upper canopy and the presence or absence of shrub layer. Blackberry seemed to be sensitive for these fine spatial differences in understory light, showing stronger relationships with light heterogeneity than amount.
Scales
The strength of correlations between different light estimating methods linearly increase with spatial steps having a maximum in most cases at the coarsest scale (30 × 30 m 2 ), in some cases at 20 × 20 m 2 . It can be supposed that the more records are used for light estimation, the higher is the accuracy of the estimations and the similarity between the methods. At the scale of 5 × 5 m 2 , none of the method-pairs correlated significantly. This scale (i.e., a single sampling point) proved inadequate to study the understory light environment. Because of methodological constrains, measurements in the same point with different techniques were completed at different times. Small differences between the measurement positions can considerably influence the light estimations, because the canopy of the saplings can be very close to the devices. Neither model can give a reliable estimation about the light conditions of a single point, due to the simplifications of the crown structure. In addition, while the different view angle of the techniques influences light estimations in one point, this effect is less important when measuring more points in a grid. Based on our results, the used indirect techniques are more appropriate for the comparison of different forest stands than for detecting fine-scale light pattern within stands. This is in agreement with other methodological studies comparing these techniques both within and between forest stands (Engelbrecht and Herz 2001, Ferment et al. 2001 ).
The detected uni-and bimodal response to spatial scale of blackberry cover -light correlations cannot be explained by the increasing number of records and the accuracy of estimations. We may suppose that in the investigated forests the pattern of blackberry cover and light environment has the best fitting at intermediate (10 × 10 or 20 × 20 m 2 ) scale. As a light flexible plant, which is integrated by horizontal aboveground stolons, blackberry can respond to spatial heterogeneity of light mainly by the architectural modification of its patches (extension or senescence of ramets, Klimes et al. 1997) . To investigate how the correlation of blackberry cover and light depends on spatial scale, we have to consider the scale-dependence of Rubus cover and light data, respectively.
The cover of blackberry (in percentage) increased with the size of the sampling unit until the scale of 15 × 15 m 2 , after this scale, it did not change considerably (Fig. 1) . The cover of Rubus in the stands was usually very low and it has an aggregated pattern. In a small sampling unit we had a small chance of finding any blackberry. However, increasing the sampling size (and the spatial scale), at some stands we could find more Rubus, so the mean and the standard deviation of the cover increased. As the cover did not change after 15 × 15 m 2 , we can assume that the patches of the Rubus are smaller than this size, and above this scale its patches have a repeated pattern.
The heterogeneity of PACL, DIFN and CO showed a monotone increase with spatial steps (Fig. 1) . Its cause may be that by increasing sampling units we could catch more and more closed or opened patches in the stand. These darker or brighter patches are caused by the heterogeneity of the crowns and the shrub layer, and this pattern could have a coarser scale than blackberry cover.
If we combine blackberry cover and light heterogeneity, we can investigate the dependence of the correlation coefficients on the spatial scale. If we take light data only from one point per plot, correlation reaches its maximum around 20 × 20 m 2 in the case of tRAYci, LAI-2000 and also densiometer (Fig. 1) . It means that we can get the strongest correlation at a scale which is slightly coarser than the pattern of blackberry patches. On the contrary, if we calculate light for five points per plot by tRAYci, we can get very strong correlations also under the scale of the Rubus patches (5 × 5 and 10 × 10 m 2 ). It is supposed that in this case we find information about the light in finer resolution, so it can better fit to the cover of Rubus.
Conclusions
LAI-2000 estimated the light conditions more correctly than the other two methods, which overestimated the relative light values. For comparison of different forest stands LAI-2000 and tRAYci were similarly appropriate, but the technical execution of the measurement was simpler by LAI-2000. In our case the heterogeneity of relative light resulted higher correlations than mean both between the different methods and between a method and blackberry cover.
The best scale to study the relationship between light and a light-flexible clonal plant, is dependent on the size of the patches of the plant. If we would like to get information at stand-level, e.g., to compare different forest types, investigations at coarser spatial scales exceeding the size of the plant patches are more appropriate. In these cases a lower spatial resolution of light measurements is sufficient. At the same resolution, there is no considerable difference between the tRAYci and LAI-2000, but from technical aspects, it is easiest to use the latter method. However, if our aim is to investigate the relationship between light and understory plants within a stand, we need a finer resolution of light measurement. We can get it easier by tRAYci, because this model can calculate light at any resolution without extra fieldwork.
